Introduction {#s1}
============

During hypoxia in vertebrates, respiratory reflexes such as hyperventilation are triggered by neurotransmitter release from hypoxia-sensitive serotonergic cells associated with pharyngeal arch arteries, as well as in the lungs and/or gills (reviewed by [@bib57]; [@bib19]; [@bib43]). In amniotes, these are the 'glomus cells' of the carotid body, located at the bifurcation of the common carotid artery (reviewed by [@bib74]; [@bib57]), and the 'pulmonary neuroendocrine cells' (PNECs) of lung airway epithelia, found either as solitary, flask-shaped cells, or collected into 'neuroepithelial bodies' (NEBs), preferentially located at airway branch points (reviewed by [@bib19]). Glomus cells respond to hypoxia in arterial blood by releasing stored neurotransmitters including acetylcholine, ATP, the catecholamine dopamine, and serotonin (the latter two most likely acting as autocrine/paracrine neuromodulators) (reviewed by [@bib73]; [@bib74]). These excite afferent terminals of the carotid sinus nerve (a branch of the glossopharyngeal nerve, arising from neurons in the petrosal ganglion) in mammals (reviewed by [@bib73]; [@bib74]), and of the vagal nerve (arising from neurons in the nodose ganglion) in birds ([@bib45]). The afferent nerves relay signals to the nucleus of the solitary tract within the hindbrain, to elicit respiratory reflex responses such as hyperventilation (reviewed by [@bib101]). PNECs respond to hypoxia by releasing stored serotonin and various neuropeptides onto vagal afferents, and are thought to act as hypoxia-sensitive airway sensors (reviewed by [@bib19]; also see [@bib8]). PNECs also provide an important stem-cell niche for regenerating the airway epithelium after injury ([@bib84]; [@bib30]; [@bib90]) and were recently shown to be the predominant cells of origin for small cell lung cancer ([@bib76]; [@bib98]; [@bib90]).

The evolution of glomus cells was critical for the transition from aquatic life, where externally facing hypoxia-sensors are essential for monitoring the variable oxygen levels in water, to fully terrestrial life, where reflex responses to variations in internal oxygen levels are more important, given the stability of oxygen levels in air ([@bib11]; [@bib65]). However, the evolutionary history of glomus cells - and, indeed, PNECs - is uncertain. One commonly suggested hypothesis (e.g., [@bib65]; [@bib32]; [@bib43]) is that glomus cells are homologous to the chemosensory 'neuroepithelial cells' (NECs) of fish gills. These were originally identified within the primary epithelium of the gills in various teleosts and a shark, as innervated cells (isolated or clustered) containing dense-cored vesicles; formaldehyde-induced fluorescence revealed the presence of biogenic amines, identified as serotonin, while electron microscopy following exposure of trout to acute hypoxia revealed fewer vesicles, which appeared degranulated ([@bib22]). In vitro patch-clamp studies on NECs isolated from zebrafish and catfish gills (identified by neutral red, a vital dye that stains monoamine-containing cells including serotonergic PNECs; [@bib107]), confirmed that teleost gill NECs are hypoxia-sensitive ([@bib42]; [@bib10]). The conventional marker for teleost gill NECs is serotonin: although non-serotonergic gill NECs were identified in adult zebrafish by immunoreactivity for synaptic vesicle glycoprotein 2, these may represent immature NECs ([@bib39]; [@bib42]). NECs are found near efferent gill arteries and on the basal lamina of the gill epithelia, facing the flow of water, hence can detect hypoxia and other stimuli in either blood or external water (reviewed by [@bib43]). Like glomus cells (reviewed by [@bib74]; [@bib57]), zebrafish gill NECs also respond to acid hypercapnia (increased CO~2~/H^+^) ([@bib56]; [@bib9]; [@bib42]; [@bib80]). The putative shared evolutionary ancestry of glomus cells and gill NECs (e.g. [@bib65]; [@bib32]; [@bib43]) is supported by many similarities: both are associated with pharyngeal arch arteries (the carotid body develops in association with the third pharyngeal arch artery, which will form the carotid artery), provided with afferent innervation by glossopharyngeal and/or vagal nerves, and have background (\'leak\') K^+^ currents that are inhibited by hypoxia, resulting in membrane depolarization, activation of voltage-gated Ca^2+^ channels, and neurotransmitter release ([@bib56]; [@bib9]; [@bib42]; [@bib80]).

If glomus cells and gill NECs evolved from the same ancestral cell population, they should share a common embryonic origin. Glomus cells are neural crest-derived, as demonstrated in birds by quail-chick neural fold grafts ([@bib52]; [@bib77]), and in mouse by *Wnt1-Cre* genetic lineage-tracing ([@bib75]), but the embryonic origin of NECs is unknown. Lack of immunoreactivity for the HNK1 antibody, which labels migrating neural crest cells in many but not all vertebrates, has been reported for NECs ([@bib78], [@bib79]). However, the carbohydrate epitope recognized by the HNK1 antibody ([@bib103]) is borne by multiple glycoproteins and glycolipids, and gene or antigen expression in itself cannot indicate lineage. An alternative to the hypothesis that gill NECs and glomus cells evolved from a common ancestral cell population is that NECs share ancestry with PNECs, to which they were originally likened ([@bib22]). Hypoxia-sensing by PNECs, as in NECs and glomus cells, involves inhibition of a K^+^ current by hypoxia (reviewed by [@bib19]; [@bib74]; [@bib57]; [@bib43]). In contrast to the neural crest origin of glomus cells ([@bib52]; [@bib77]; [@bib75]), PNECs have an intrinsic pulmonary epithelial origin: the first experimental support for this was provided by a tritiated thymidine labeling study of hamster lung development ([@bib33]), later confirmed by mouse genetic lineage-tracing studies using *Id2-CreER^T2^*, *Shh-Cre*, *Nkx2.1-Cre*, and *Sox9-Cre* driver lines that showed a common origin for all lung airway epithelial cell types, including PNECs ([@bib81]; [@bib90]; [@bib48]).

Here, we demonstrate that neural crest cells do not contribute to gill NECs: instead, these are endoderm-derived. This refutes the hypothesis that glomus cells and gill NECs evolved from a common ancestral cell population, and instead supports an evolutionary relationship between NECs and PNECs, whose endodermal origin we confirm in mouse. We also show that the transcription factor Phox2b, which is required for glomus cell development ([@bib21]), is not expressed by gill NECs (or by PNECs), arguing against the possibility of cell-type homology between glomus cells and gill NECs via activation of the same genetic network. Finally, we report the discovery of neural crest-derived chromaffin (catecholaminergic) cells associated with blood vessels in the pharyngeal arches of juvenile zebrafish, which we speculate could share an evolutionary ancestry with glomus cells. Given these results, we propose a new model for the evolution of hypoxia-sensitive cells during the transition to terrestrial life.

Results {#s2}
=======

Carotid body glomus cells develop from the neural crest ([@bib52]; [@bib77]; [@bib75]), while PNECs differentiate in situ within pulmonary airway epithelia ([@bib33]; [@bib81]; [@bib90]; [@bib48]). We aimed to shed light on the evolutionary origins of these amniote hypoxia-sensitive cell types by determining the embryonic origin of NECs, the hypoxia-sensitive cells of anamniote gills.

Zebrafish NECs are not neural crest-derived {#s2-1}
-------------------------------------------

In developing zebrafish, gill NECs were previously identified as serotonin (5-HT)-immunoreactive cells in gill filaments from 5-dpf, which are innervated by 7-dpf ([@bib40]). We investigated any neural crest contribution to gill NECs via genetic lineage-tracing, using a collection of transgenic zebrafish lines with different *cis*-regulatory sequences driving Cre and subsequent lineage reporter expression in neural crest-derived cells, as well as via neural crest-deficient zebrafish embryos. Lineage-tracing using different Cre driver and reporter lines enabled us to control for false negatives potentially arising from variable promoter activity in, or incomplete labeling of, some neural crest cells in either neural crest driver or reporter lines.

In larval and juvenile zebrafish, we identified NECs in the gill filaments by serotonin immunoreactivity, as previously reported ([@bib40]); we also found similar innervated serotonergic cells scattered in the orobranchial epithelium (putative NECs). NECs in the gill filaments, and putative NECs in the orobranchial epithelium, were unlabeled in larvae/metamorphic juveniles with *sox10 cis*-regulatory sequences driving Cre and resulting lineage reporter expression \[*Tg(-28.5sox10:cre);Tg(ef1a:loxP-DsRed-loxP-EGFP)* ([@bib44]); *Tg(-4.9sox10:creER^T2^);Tg(βactin:loxP-SuperStop-loxP-DsRed)* ([@bib67])\], even when nearby neural crest derivatives such as branchial arch cartilages/mesenchyme and/or gill pillar cells ([@bib67]) were reporter-positive ([Figure 1a--f\'](#fig1){ref-type="fig"}; 183 serotonergic cells located near such reporter-positive cells \[≥6 per fish\] were counted across 11 larvae/metamorphic juveniles: n = 8 for *−28.5sox10*; n = 3 for *−4.9sox10*). Gill NECs, and putative NECs in the orobranchial epithelium, were also unlabeled in *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* ([@bib69]; [@bib47]) larvae/metamorphic juveniles, even when nearby neural crest-derived cells in branchial arch cartilages and/or gill filament mesenchyme were mCherry-positive ([Figure 1g-h\'](#fig1){ref-type="fig"}; 166 serotonergic cells located near such mCherry-positive cells \[≥6 per fish\] were counted across 10 larvae/metamorphic juveniles). We ruled out the possibility that lack of lineage reporter expression in NECs was a false-negative result arising from inactivity in NECs of the promoters driving the Cre-switchable reporter cassettes, by confirming that NECs expressed the native unrecombined reporter in both transgenic lines \[*Tg(-28.5sox10:cre);Tg(ef1a:loxP-DsRed-loxP-EGFP*) and *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)*\] ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).10.7554/eLife.21231.003Figure 1.Zebrafish NECs are not neural crest-derived: genetic lineage-tracing data.(**a**) Schematic of a 7--8 dpf zebrafish; dotted line indicates section plane in **b-f'**. (**b**) Hematoxylin and eosin staining at 7-dpf reveals gill filaments branching from branchial arch cartilages, and the orobranchial cavity. Dashed box indicates approximate region in **c**,**g**. (**c--d'**) In 7-dpf *Tg(-28.5sox10:cre);Tg(ef1a:loxP-DsRed-loxP-EGFP)* zebrafish, GFP labels neural crest-derived branchial arch cartilage and mesenchyme, but not NECs in the gill filaments (identified by immunoreactivity for serotonin, 5-HT; arrowheads). (**e--f'**) Horizontal section through the gills of a 20-dpf *Tg(-4.9sox10:creER^T2^);Tg(βactin:loxP-SuperStop-loxP-DsRed)* zebrafish. DsRed (brown precipitate) labels neural crest-derived gill pillar cells, but not NECs (arrowheads; inverted fluorescent image overlaid on bright-field image). (**g--h'**) In 8-dpf *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish, mCherry labels gill pillar cells but not NECs (arrowheads). 5-HT, serotonin; Bac, branchial arch cartilage; Gf, gill filament; La, lamellae; Nt, neural tube; Obc, orobranchial cavity. Scale-bars: 50 μm in **b**,**c**,**e**,**g**; 25 μm in **d**,**f**,**h**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.003](10.7554/eLife.21231.003)10.7554/eLife.21231.004Figure 1---figure supplement 1.The promoters driving the Cre-switchable reporter cassettes are active in NECs.In 7-dpf *Tg(-28.5sox10:cre);Tg(ef1a:loxP-DsRed-loxP-EGFP)* (**a--a'''**) and 25-dpf *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* (**b--b'''**) zebrafish, NECs in the gill filaments (identified by immunoreactivity for serotonin, 5-HT; arrowheads) express the un-switched reporter gene. 5-HT, serotonin; Bac, branchial arch cartilage; Gf, gill filament. Scale-bar: 25 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.004](10.7554/eLife.21231.004)

Finally, we analyzed *tfap2a^mob^;foxd3^mos^* zebrafish, which lack neural crest derivatives ([@bib4]; [@bib68]; [@bib104]). At 7-dpf, *tfap2a^mob^;foxd3^mos^* mutants lacked pigment cells and lower jaw structures (n = 8; [Figure 2a](#fig2){ref-type="fig"}). In the absence of the neural crest-derived pharyngeal endoskeleton, pharyngeal arches and gills are hard to recognize, but putative NECs, visualized here as serotonergic cells associated with HNK1 epitope-immunoreactive neurites ([@bib62]), were still present in the orobranchial epithelium ([Figure 2b,c](#fig2){ref-type="fig"}) (and occasionally could also be identified ventral to the orobranchial cavity, where the pharyngeal arches would be located; [Figure 2d,e](#fig2){ref-type="fig"}). We counted all putative NECs in the orobranchial region of three *tfap2a^mob^;foxd3^mos^* larvae (294 putative NECs counted in total) and three wild-type siblings (244 putative NECs counted in total): there was no change in mean number (mean/embryo ± s.d.: 81.3 ± 24.0 for wild-type larvae, n = 3; 98.0 ± 49.7 for *tfap2a^mob^;foxd3^mos^* larvae, n = 3; p=0.63, unpaired two-tailed Student's t-test) ([Figure 2f--i](#fig2){ref-type="fig"}).10.7554/eLife.21231.005Figure 2.Zebrafish NECs are not neural crest-derived: analysis of neural crest-deficient zebrafish mutants.(**a**) 7-dpf *tfap2a^mob^;foxd3^mos^* zebrafish lack all neural crest derivatives, including melanophores and jaw skeleton (arrowhead). Dotted lines: section planes in **b-e**. (**b**,**c**) At 7-dpf, *tfap2a^mob^;foxd3^mos^* orobranchial epithelium retains innervated serotonergic (5-HT^+^) cells (putative NECs), identified by cytoplasmic serotonin surrounded by a ring of HNK1 epitope-immunoreactive neurites. (**d**,**e**) At 7-dpf, putative NECs (arrowheads) persist in *tfap2a^mob^;foxd3^mos^* zebrafish in the region ventral to the orobranchial cavity where the pharyngeal arches would be located in wild-type fish. (NB The hypothalamus \[Hyp\] extends caudally beneath the midbrain and rostral hindbrain, and often separates from the overlying brain on sections, as here.) (**f**) The mean number per 7-dpf larva of putative NECs in the orobranchial epithelium does not differ between *tfap2a^mob^;foxd3^mos^* (98.0 ± 49.7 s.d.; n = 3) and wild-type zebrafish (81.3 ± 24.0 s.d.; n = 3) (p=0.63, unpaired two-tailed Student's t-test). All such cells in the orobranchial epithelium were counted for each embryo. Error bars indicate s.d. (**g--i**) Wild-type sibling at 7-dpf. Dotted line: section plane in **h-i**. Putative NECs are present in the orobranchial epithelium (arrowheads; dashed box in i, magnified without DAPI in top right corner). 5-HT, serotonin; Gf, gill filament; Hyp, hypothalamus; Nt, neural tube; Obc, orobranchial cavity. Scale-bars: 50 μm in **b**,**d**,**h**; 25 μm in **c**,**e**,**i**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.005](10.7554/eLife.21231.005)10.7554/eLife.21231.006Figure 2---figure supplement 1.Putative NECs in the skin of embryonic zebrafish are not neural crest-derived.(**a--b'**) Three-dimensional rendering of the eye of a 3-dpf *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* embryo, immunostained in whole-mount for serotonin and mCherry. Serotonergic cells are scattered in the epidermis over the eye, as reported ([@bib16]), but none is mCherry-positive, i.e., neural crest-derived (arrowheads). For associated z-stack movies, see [Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}. Scale-bars: 100 μm in **a**; 50 μm in **b**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.006](10.7554/eLife.21231.006)

Putative NECs have also been identified as serotonergic cells in the skin of embryonic zebrafish ([@bib41]; [@bib16]) and of adult mangrove killifish, which respire through the skin as well as the gills ([@bib82]). Although they have not been shown directly (e.g., by patch-clamp experiments) to be hypoxia-sensitive, the putative NECs in killifish increase in area in response to hypoxia ([@bib82]), while in zebrafish, hypoxia decreased or delayed, and hyperoxia accelerated, the normal decline in number of these cells seen with increasing age ([@bib16]). In zebrafish, these serotonergic cells are most abundant at 3-dpf, and most evident scattered in the skin over the eyes, yolk-sac and tail ([@bib16]). Whole-mount immunostaining of *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* embryos at 3-dpf for serotonin and mCherry revealed the expected pattern of scattered serotonergic cells in the epidermis, but none was mCherry-positive (i.e., neural crest-derived) ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"} shows a sample three-dimensional rendering for the eye; for the associated z-stack movies, see [Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}). We quantified this in the eye, where the corneal endothelium is neural crest-derived, as previously reported for chicken ([@bib72]; [@bib38]), mouse (with a minor mesodermal contribution also noted; [@bib25]) and *Xenopus* ([@bib35]). At 3-dpf, the zebrafish cornea comprises an outer corneal epithelium, a thin acellular collagenous stroma, and a monolayer of flattened corneal endothelial cells ([@bib93]; [@bib109]; [@bib2]). Across 13 embryos, we counted 328 serotonergic cells in the epidermis over the eye, all of which were mCherry-negative, and 219 nearby mCherry-positive (i.e., neural crest-derived) corneal endothelial cells. Thus, the putative NECs in the skin of embryonic zebrafish are not neural crest-derived.Video 1.Putative NECs in the skin of embryonic zebrafish are not neural crest-derived.Z-stack movie showing a whole-mount view of the eye region of a 3-dpf *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* embryo, immunostained for serotonin and mCherry. Serotonergic cells are scattered in the epidermis over the eye, as reported ([@bib16]), but none is mCherry-positive, i.e., neural crest-derived. [Video 2](#media2){ref-type="other"} shows a higher-power movie. A three-dimensional rendering for the eye is shown in [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.007](10.7554/eLife.21231.007)10.7554/eLife.21231.007Video 2.Putative NECs in the skin of embryonic zebrafish are not neural crest-derived.Z-stack movie at higher powerthan [Video 1](#media1){ref-type="other"}, showing a whole-mount view of the eye region of a 3-dpfTg(*crestin:creER^T2^*);*Tg*(*-3.5ubi:loxP-GFP-loxP-mCherry*)embryo, immunostained for serotonin and mCherry. Serotonergic cells (arrowheads) are scattered in the epidermis over the eye, as reported ([@bib16]), but none is mCherry-positive, i.e., neural crest-derived. A 3-dimensional rendering for the eye is shown in [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.008](10.7554/eLife.21231.008)10.7554/eLife.21231.008

Taken together, these results show that in zebrafish (a ray-finned fish), the neural crest does not contribute to gill NECs (the previously proposed homologs of glomus cells), or to putative NECs in the orobranchial epithelium and embryonic epidermis.

Putative NECs in *Xenopus* and lamprey are not neural crest-derived {#s2-2}
-------------------------------------------------------------------

Innervated serotonergic cells in the internal gills of *Xenopus* tadpoles are the proposed homologs of teleost gill NECs ([@bib87]). We detected scattered serotonergic cells in gill filaments from stage 43 ([Figure 3a,b](#fig3){ref-type="fig"}), and in the orobranchial epithelium from stage 41 ([Figure 3a,c](#fig3){ref-type="fig"}). To determine if these putative NECs are neural crest-derived, we unilaterally grafted neural folds from GFP-labeled donors to unlabeled hosts ([Figure 3d](#fig3){ref-type="fig"}). GFP-labeled neural crest cells migrated away from the neural tube and contributed to branchial arch cartilages and mesenchyme, but putative NECs in the gill filaments and orobranchial epithelium were GFP-negative (n = 14; [Figure 3e--m'](#fig3){ref-type="fig"}).10.7554/eLife.21231.009Figure 3.Putative *Xenopus* NECs are not neural crest-derived.(**a**) Schematic of a stage 45 tadpole ([@bib70]). Dotted lines: section planes in **b**,**f**--**g'** (magenta, transverse) and in **c**,**i-j'**,**l-m'** (green, oblique). (**b**) Serotonergic cells in gill filament epithelium (putative NECs) are first detected at stage 43 (inset shows higher-power view). (**c**) Similar serotonergic cells are scattered in the orobranchial epithelium from stage 41 (inset shows higher-power view). (**d**) Schematic (modified from [@bib70]) showing neural crest labelling: GFP-donors, created by injecting *cyto-GFP* mRNA into one cell at the two-cell stage, were grown to stages 13--17, and neural folds grafted unilaterally to wild-type hosts. For grafted embryos grown to stage 53, donors were transgenic *CMV-GFP* embryos. (**e**) At stage 22, GFP labels neural crest cells migrating towards the branchial arches. (**f--g^'^**) At stage 43, GFP labels branchial arch cartilage and surrounding mesenchyme, but not putative NECs (arrowheads) in the orobranchial epithelium. (**h--j'**) At stage 45, GFP-positive neural crest cells are visible in the branchial arches (whole-mount and section from different embryos). GFP labels branchial arch cartilage and mesenchyme, but not putative NECs (arrowheads) in the gill filaments. (**k--m'**) At stage 53 (transgenic *CMV-GFP* donors; whole-mount and section from different embryos), GFP labels branchial arch cartilage and mesenchyme, but not putative NECs (arrowheads) in the gill filaments. 5-HT, serotonin; Bac, branchial arch cartilage; Gf, gill filament; Nt, neural tube; Obc, orobranchial cavity; Oe, olfactory epithelium. Scale-bar: 50 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.009](10.7554/eLife.21231.009)

In the sea lamprey, the gills are arranged in pairs within the orobranchial cavity, supported by an interbranchial septum ([Figure 4a--c](#fig4){ref-type="fig"}). Serotonergic cells in lamprey gills are proposed to correspond to the gill NECs of jawed fishes ([@bib5]). We detected putative NECs from embryonic day (E)18.5, in clusters on the medial edges of the gills, intimately associated with HNK1 epitope-immunoreactive neurites ([Figure 4d](#fig4){ref-type="fig"}). Scattered serotonergic cells were also found in the epithelium lining the roof and floor of the orobranchial cavity. To determine any neural crest cell contribution, the vital lipophilic dye DiI was injected into E5 vagal neural folds and the embryos followed to E19.0 ([Figure 4e--n](#fig4){ref-type="fig"}). DiI-labeled neural crest cells migrated into the branchial arches and contributed to the branchial arch basket, as expected ([@bib60]), but putative NECs in the gills and orobranchial epithelia, despite being near DiI-labeled cells, were unlabeled (n = 19; [Figure 4i,j,n](#fig4){ref-type="fig"}; [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}).10.7554/eLife.21231.010Figure 4.Putative lamprey NECs are not neural crest-derived.(**a**) Schematic larval lamprey section (modified from [@bib5]) showing gill pairs in the orobranchial cavity, supported by an interbranchial septum, and a single gill at higher power. (**b**) Schematic Piavis-stage 17 (E19) lamprey (modified from [@bib100]). Dotted line shows section plane in **c**,**d**,**i**,**j**,**n**. (**c**) Hematoxylin and eosin staining at E19 shows internal gills as 'stalks' within the orobranchial cavity. (**d**) Putative NECs (serotonergic cells associated with HNK1 epitope-immunoreactive neurites) are first visible at E18.5 in the medial gill epithelium. (**e**) Schematic (modified from [@bib100]) showing neural crest labelling by DiI injection at E5 (Piavis stages 11--12). (**f--n**) Two different embryos (**f--j**, **k--n**), showing DiI-labeled neural crest cells migrating ventrally (arrowheads, **g**,**l**) into the branchial arches, contributing to branchial arch basket and gill supporting cells (arrowheads, **j**,**n**), but not serotonergic cells (putative NECs) in the orobranchial epithelium (**i**,**j**) or gills (**n**). 5-HT, serotonin; Ba, branchial arch; Bab, branchial arch basket; En, endostyle; Gs, gill seam; Is, interbranchial septum; Nc, notochord; Nt, neural tube; Obc, orobranchial cavity. Scale-bar: 50 μm.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.010](10.7554/eLife.21231.010)10.7554/eLife.21231.011Figure 4---figure supplement 1.Confirmation of successful targeting of pharyngeal arch-destined neural crest cells in all lamprey embryos analyzed for neural crest contribution to putative NECs.For orientation, the first three panels are repeated from [Figure 4](#fig4){ref-type="fig"}. (**a**) Schematic larval lamprey section (modified from [@bib5]) showing gill pairs in the orobranchial cavity, supported byan interbranchial septum. (**b**) Schematic Piavis-stage 17 (E19) lamprey (modified from [@bib100]). Dotted line: section plane. (**c**) Hematoxylin and eosin staining shows internal gills as 'stalks' within the orobranchial cavity. (**d--v**) Each row shows one of the 19 lamprey embryos with DiI-labeled neural crest derivatives near serotonergic putative NECs at the final analysis. The first panel shows the site of DiI injection at one day post-injection (dpi) (missing for embryo Pm19); the second and third panels show DiI-labeled neural crest cells in the branchial arches in right and/or left-side views at 9-dpi; the fourth panel shows a view of the internal gills in section at 13-dpi (for section plane, see dotted line in panel **a**), showing DiI contribution to gill support cells, but not to the putative NECs (serotonergic cells) in the gill epithelium. Asterisks indicate the embryos from which data are shown in [Figure 4](#fig4){ref-type="fig"} (Pm12 and Pm17). 5-HT, serotonin; En, endostyle; Gs, gill seam; Is, interbranchial septum; Nc, notochord; Obc, orobranchial cavity.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.011](10.7554/eLife.21231.011)

These results show that putative NECs in the internal gills and orobranchial epithelium of a frog (i.e., a lobe-finned tetrapod) and the sea lamprey (a jawless fish) are not neural crest-derived.

Gill NECs are endoderm-derived, like PNECs {#s2-3}
------------------------------------------

Overall, our data show that the neural crest does not contribute to gill NECs in zebrafish, or to their presumed homologues in *Xenopus* and lamprey gills (or to the putative NECs identified in the orobranchial epithelium of all three species). Hence, glomus cells and gill NECs cannot have evolved from the same ancestral cell population. In zebrafish, *Xenopus* and the little skate (a cartilaginous fish), vital dye fate-mapping experiments have shown that the gills and orobranchial cavity are lined with an epithelium derived mostly from endoderm ([@bib105]; [@bib13]; [@bib29]), suggesting endoderm as an alternative origin for NECs. Indeed, in one of the first descriptions of fish gill NECs ([@bib22]), they were likened to the PNECs of amniotes, which share a common embryonic origin with other airway epithelial cells in rodents ([@bib33]; [@bib81]; [@bib90]; [@bib48]). We demonstrated the endodermal origin of PNECs in the mouse by lineage-tracing using the *Sox17^2A-iCre^* driver line (in which all endoderm-derived lineages, as well as vascular endothelial cells and the hematopoietic system, express Cre; [@bib23]) crossed to the *R26R^lacZ^* or *R26R^tdTomato^* reporter lines ([@bib91]; [@bib58]) ([Figure 5a--e'''](#fig5){ref-type="fig"}). We also confirmed the recent exclusion by *Wnt1-Cre* lineage-tracing ([@bib20]) of a neural crest contribution to mouse PNECs ([@bib48]) ([Figure 5---figure supplement 1a--b'](#fig5s1){ref-type="fig"}). Similarly, we saw no neural crest contribution to PNECs in the chicken lung after labeling the premigratory neural crest by neural fold grafting from GFP-transgenic donor embryos ([@bib61]) ([Figure 5---figure supplement 1c--e'](#fig5s1){ref-type="fig"}).10.7554/eLife.21231.012Figure 5.NECs are endoderm-derived, like PNECs.(**a--d**) In *Sox17^2A-iCre/+^;R26^R/+^* mice, all endoderm-derived lineages, as well as vascular endothelial cells and the hematopoietic system, constitutively express β-galactosidase ([@bib23]). Serial sections of an E19.5 *Sox17^2A-iCre/+^;R26^R/+^* mouse lung show that X-gal labels PNECs (**a**,**b**; black arrowheads), whose identity is confirmed by serotonin expression (**c**,**d**; white arrowheads). The serotonin-positive cells are clearly all in the epithelium, which is entirely X-gal-positive, although there is some variation in staining level from cell to cell. (**e--e'''**) A high-power view of a cluster of Ascl1-expressing PNECs in a section of an E16.5 *Sox17^2A-iCre/+^;R26R^tdTomato^* mouse lung, in which endoderm-derived lineages express tdTomato. Only the occasional PNEC is serotonin-positive at this stage. The Ascl1-expressing PNECs are tdTomato-positive, i.e., endoderm-derived. (**f--i''**) An endodermal contribution to putative NECs in *Xenopus* was investigated by performing focal DiI injections into the anterior endoderm at stage 14 (**f**), as described in [@bib13]. At stage 45, DiI labels the endoderm lining the orobranchial cavity (**g**,**h**), and serotonergic cells (putative NECs, arrowheads) in the orobranchial epithelium (**i--i''**). (**j--l**) In *Tg(sox17:creER^T2^;cmlc2:DsRed);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish, the endoderm is labeled with mCherry and (**m--n''**) NECs in the gill filaments are mCherry-positive (arrowheads). 5-HT, serotonin; A, anterior; a, airway; Bac, branchial arch cartilage; Gf, gill filament; Obc, orobranchial cavity; P, posterior; tdTom, tdTomato. Scale-bars: 50 μm in **a**,**c**,**g**,**k**,**m**; 25 μm in **b**,**d**,**h**,**i**,**l**,**n**; 20 μm in **e**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.012](10.7554/eLife.21231.012)10.7554/eLife.21231.013Figure 5---figure supplement 1.The neural crest does not contribute to amniote PNECs.(**a--b'**) Transverse sections through the lungs of *Wnt1-Cre;R26R-YFP* mouse embryos, in which neural crest cells are permanently labeled with YFP ([@bib20]; [@bib94]), at E14.5 (**a**,**a'**) and E18.5 (**b**,**b'**). PNECs (Ascl1 \[Mash1\]-positive cells in the airway epithelium; [@bib37]) are unlabeled, whether solitary or clustered (white dotted line in **b**,**b'**), although nearby neural crest-derived cells in the subjacent mesenchyme (yellow arrowheads) are YFP-positive, including putative Schwann cells on a nerve innervating the PNECs (yellow arrowheads in **b**,**b'**) and an intrinsic pulmonary ganglion (white arrow in **b**,**b'**), as expected ([@bib24]). (In **a**,**a'**, the two fainter, out-of-focus green spots within the epithelium are background artefacts from the anti-GFP immunostaining.) (**c**) The vagal neural crest was labeled in the chicken using GFP-transgenic to wild-type neural tube grafts at E1.5 (schematic modified from [@bib53]). (**d--e'**) Transverse sections through the lungs of grafted embryos at E14.5 (**d**,**d'**) and E16.5 (**e**,**e'**). PNECs (serotonergic cells in the lung airway epithelium) are unlabeled (white arrowheads), while putative Schwann cells (elongated cells, yellow arrowheads) and a nearby intrinsic pulmonary ganglion (white arrow) are GFP-positive, as expected ([@bib12]). 5-HT, serotonin; a, airway; Ot, otic vesicle; s, somite. Scale-bars: 10 μm in **a**; 50 μm in **b**,**d**,**e**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.013](10.7554/eLife.21231.013)

To test the hypothesis that NECs, like PNECs, are endoderm-derived, we first attempted to label the pharyngeal endoderm of *Xenopus* embryos at stage 14 via focal DiI injections into anterior endoderm ([@bib13]) ([Figure 5f--i](#fig5){ref-type="fig"}). Only three embryos with endoderm-specific DiI labeling survived to stage 45 for analysis. The DiI labeling was very sparse, but in one embryo, 15 serotonergic cells in the orobranchial epithelium (putative NECs) were DiI-labeled, supporting an endodermal origin ([Figure 5g--i''](#fig5){ref-type="fig"}).

Since the direct labeling approach in *Xenopus* proved to be technically challenging, we used genetic lineage-tracing of endodermal *sox17* expression in zebrafish, inducing gastrulation-stage Cre expression and recombination in embryos from crosses between a *sox17:creER^T2^* zebrafish driver line \[*Tg(sox17:creER^T2^;cmlc2:DsRed)*; Joseph J. Lancman, Keith P. Gates, and P. Duc S. Dong, personal communication, March, 2017\] and the switchable reporter line *Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* ([@bib69]) ([Figure 5j--n''](#fig5){ref-type="fig"}). At 8-dpf, mCherry expression was seen in both gill NECs and putative NECs in the orobranchial epithelium: 147/331 serotonergic cells counted across six larvae (≥36 cells counted per fish) were mCherry-positive ([Figure 5n--n"](#fig5){ref-type="fig"}). \[The relatively low labeling efficiency likely results from a lack of optimization of the 4-OHT dose for the *Tg(sox17:creER^T2^;cmlc2:DsRed)* driver in combination with this particular switchable reporter line ([@bib69]).\] These data demonstrate an endodermal origin in zebrafish for gill NECs, and also for putative NECs in the orobranchial epithelium. (Our genetic lineage-tracing data also confirm the endodermal origin of zebrafish gill filament epithelium, previously reported from vital dye fate-mapping experiments; [@bib105].)

Taken together, these results reveal the endodermal origin of gill NECs and putative NECs in the orobranchial epithelium. This supports the shared evolutionary ancestry of NECs with endoderm-derived PNECs, rather than neural crest-derived glomus cells.

NECs do not express Phox2b, which is essential for glomus cell development {#s2-4}
--------------------------------------------------------------------------

It is formally possible that, despite their different embryonic origins, glomus cells and NECs could still be homologous cell types through activation of the same genetic network. Although the molecular basis of NEC development has not been investigated, the basic helix-loop-helix transcription factor Ascl1 (Mash1) is required for the formation of both PNECs ([@bib37]) and glomus cells ([@bib46]). The homeodomain transcription factor Phox2b is also essential for glomus cell development ([@bib21]). However, we were unable to detect Phox2b-positive cells in embryonic zebrafish gills or orobranchial epithelium at 5-dpf (n = 4) or 7-dpf (n = 3), although Phox2b was expressed by a subset of cells in the hindbrain, as expected ([@bib18]) ([Figure 6a--f'](#fig6){ref-type="fig"}). Similarly, we could not detect any *Phox2*-positive cells in sea lamprey gills or orobranchial epithelia at E16 or E18 (n = 6), although *Phox2* was expressed in the epibranchial ganglia, and in patches of ectoderm and subjacent mesenchyme ventral to the epibranchial ganglia ([Figure 6g--j'](#fig6){ref-type="fig"}), in the same position as the hypobranchial placodes and associated ganglia identified in *Xenopus* ([@bib88]).10.7554/eLife.21231.014Figure 6.Phox2b expression is absent from gill and lung epithelia.(**a--f'**) In wild-type zebrafish at 5- and 7-dpf, Phox2b is expressed by a subset of cells in the hindbrain (**b**,**e**), but not by gill NECs or putative NECs in the orobranchial epithelium (arrowheads; **c--c'**,**f--f'**). (**g--j'**) At E16 (**g--h'**) and E18 (**i--j'**) in the sea lamprey, *Phox2* expression is seen in the neural tube, the epibranchial (petrosal and nodose) ganglia (identified in section by the neuronal marker Elavl3/4), and in patches of ectoderm and subjacent mesenchyme ventral to the epibranchial ganglia (arrowheads). However, *Phox*2 expression is absent from the gill epithelium, where putative NECS would be located. Dotted lines in panels **g** and **i** indicate the section plane in **h** and **j**. (**k--l'**) In a section of an E16.5 *Sox17^2A-iCre/+^;R26^tdTomato^*mouse lung, Phox2b expression is seen in intrinsic pulmonary ganglia (arrows), but not in Ascl1/serotonin-positive PNECs located in the lung airway epithelium (dotted lines outline clusters of PNECs). (**m**,**m'**) In a section of an E13.5 chicken lung, Phox2b expression is seen in an intrinsic pulmonary ganglion (arrow), but not in serotonin-positive PNECs scattered in the lung airway epithelium (arrowheads). Insets show higher power views. a, airway; Ba, branchial arch; Bac, branchial arch cartilage; G, gill; Gf, gill filament; N, nodose ganglion; Nt, neural tube; Obc, orobranchial cavity; Oc, oral cavity; P, petrosal ganglion. Scale bars: 50 μm in **a**,**d**,**h**,**j**,**m**; 25 μm in **b**,**c**,**e**,**f**,**k**,**l**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.014](10.7554/eLife.21231.014)

We also found that PNECs lack Phox2b expression. In mouse embryos at E16.5, when PNECs can be identified by Ascl1 expression (serotonin is only expressed in a few PNECs at this stage), Phox2b was not seen in PNECs, despite expression in nearby intrinsic pulmonary ganglia (n = 2; [Figure 6k--l'](#fig6){ref-type="fig"}). Similarly, in chicken embryos at E12-E13.5, when scattered PNECs can be identified in the lung epithelium by serotonin immunoreactivity, Phox2b expression was not seen in the lung epithelium either by in situ hybridization or by immunostaining, although it could be detected in nearby intrinsic pulmonary ganglia (n = 3; [Figure 6m,m'](#fig6){ref-type="fig"}).

Overall, these data show that NECs (and PNECs) do not activate the same genetic network as glomus cells, since they lack expression of a transcription factor, Phox2b, which is essential for glomus cell development ([@bib21]). Hence, NECs and glomus cells cannot be homologous cell types.

Candidate glomus cell homologues in fish: neural crest-derived chromaffin cells associated with pharyngeal arch blood vessels {#s2-5}
-----------------------------------------------------------------------------------------------------------------------------

Since NECs are endoderm-derived, we reasoned that neural crest-derived glomus cells must have evolved independently. Glomus cells are catecholaminergic, like the neural crest-derived chromaffin cells of the adrenal gland, which are also hypoxia-sensitive (reviewed by [@bib57]). Intriguingly, in lampreys, catecholaminergic (chromium salt-staining, i.e., 'chromaffin') cells were reported a century ago in association with large blood vessels not only in the trunk, but also as far rostrally as the second branchial arch, 'in the walls of the segmental veins as these run round the notochord' ([@bib28]; [@bib27]). This suggested to us the possibility that glomus cells could have evolved from catecholaminergic cells associated with blood vessels in anamniote pharyngeal arches, if such cells are neural crest-derived.

We first used immunostaining for the catecholaminergic marker tyrosine hydroxylase and the neurite-marker acetylated tubulin to confirm the existence of catecholaminergic cells, at least some of which may be innervated, in the walls of the anterior cardinal veins in the gill arches of ammocoete-stage sea lamprey ([Figure 7a--c](#fig7){ref-type="fig"}). It would be difficult to test whether the gill arch catecholaminergic cells are neural crest-derived: even if DiI-labeled embryos could be raised to ammocoete stages, the DiI-labeling would likely be very sparse. We reasoned that if present in lamprey, such cells might also be present in the zebrafish. We sectioned metamorphic juveniles and identified similar clusters of catecholaminergic cells in close association with blood vessels in the gill arches ([Figure 7d--e'''](#fig7){ref-type="fig"}). To our knowledge, this is the first demonstration of the existence of catecholaminergic cells associated with gill arch blood vessels in a jawed anamniote. Importantly, these catecholaminergic cells were mCherry-positive, i.e., neural crest-derived, in *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* metamorphic juveniles ([Figure 7e--e'''](#fig7){ref-type="fig"}) (51 such catecholaminergic cells were mCherry-positive across five juveniles \[≥5 counted per fish\]). This discovery suggests a new, speculative hypothesis for carotid body evolution, namely that it evolved in the amniote lineage via the aggregation of neural crest-derived catecholaminergic cells that were already associated with pharyngeal arch blood vessels in anamniotes.10.7554/eLife.21231.015Figure 7.Catecholaminergic cells associated with gill arch blood vessels are neural crest-derived in zebrafish.(**a**) Schematic transverse section through ammocoete-stage lamprey gill arch (modified from [@bib85]). Red box indicates region shown in **b**. (**b**,**c**) Tyrosine hydroxylase-positive (catecholaminergic) cells are present in the wall of the anterior cardinal vein (arrowheads), closely associated with acetylated tubulin-immunoreactive neurites (arrow). (**d**) Schematic 25-dpf zebrafish. Dotted line indicates transverse section plane through the gill basket in **e-e'''**. (**e--e'''**) Tyrosine hydroxylase-positive (catecholaminergic) cells (arrowheads) seen adjacent to melanocyte-covered gill-filament blood vessels (dotted lines), are neural crest-derived (mCherry-positive) in 25-dpf *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish. Acv, anterior cardinal vein; Bac, branchial arch cartilage; Bv, blood vessel; Nc, notochord; TH; tyrosine hydroxylase. Scale-bars: 50 μm in **b**; 25 μm in **c**,**e**.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.015](10.7554/eLife.21231.015)10.7554/eLife.21231.016Figure 8.Model for the evolution of the hypoxia-sensitive cells involved in amniote respiratory reflexes.(**a**) Schematic ancestral vertebrate with internal gills. Neural crest-derived (magenta) chromaffin cells are associated with large blood vessels in the pharyngeal arches, while NECs differentiate within the endoderm-derived (green) epithelium lining the gills and orobranchial cavity. (**b**) During the transition to terrestrial life, the glomus cells of the carotid body evolved via the aggregation of neural crest-derived chromaffin cells (which must also have acquired serotonergic properties), while (**c**) NECs persisted as PNECs in lung airway epithelia. Yellow arrows indicate shared ancestry. Bv, blood vessel; NEC, neuroepithelial cell; PNEC, pulmonary neuroendocrine cell.**DOI:** [http://dx.doi.org/10.7554/eLife.21231.016](10.7554/eLife.21231.016)

Discussion {#s3}
==========

Gill NECs are endoderm-derived, suggesting shared ancestry with PNECs, not glomus cells {#s3-1}
---------------------------------------------------------------------------------------

The evolutionary history of the hypoxia-sensitive cells that initiate amniote respiratory reflexes has been obscure, but is critical for our understanding of the transition from aquatic to terrestrial life. This involved a change from aquatic respiration in an environment with low oxygen solubility, to obligate air-breathing in an environment with more stable oxygen levels. It has been proposed that this transition was accompanied by a switch from a dispersed population of externally oriented hypoxia-sensitive cells in the gills that monitored the highly variable external oxygen levels, to one dominant site of hypoxia-sensitive cells that focused on monitoring internal oxygen states ([@bib11]; [@bib65]). Current hypotheses suggest that this change was accompanied by the evolution of the glomus cells of the carotid body from an ancestral population of gill NECs (e.g., [@bib65]; [@bib32]; [@bib43]). This was entirely plausible, given their common association with pharyngeal arch arteries, afferent innervation by glossopharyngeal and/or vagal nerves, and hypoxia-sensitive K^+^ currents ([@bib56]; [@bib9]; [@bib42]; [@bib80]). However, glomus cells are neural crest-derived ([@bib52]; [@bib77]; [@bib75]) and the hypothesis is not compatible with our demonstration that neural crest cells do not contribute to gill NECs in zebrafish, or their presumed homologues in *Xenopus* and lamprey, or to similar innervated serotonergic cells (putative NECs) in the orobranchial epithelium of all three anamniote species. In contrast, we found that these cells are endoderm-derived, like PNECs, which differentiate in situ within pulmonary airway epithelia ([@bib33]; [@bib81]; [@bib90]; [@bib48]) and whose endodermal origin we demonstrated using *Sox17-Cre* lineage-tracing in mouse. This suggests that gill NECs, and putative NECs in the orobranchial epithelium if these prove to be hypoxia-sensitive, more likely share a common ancestor with PNECs. Denervation experiments in various fishes (a shark, as well as some teleosts) have shown that hypoxia-sensitive and/or CO~2~-sensitive chemoreceptors involved in ventilation responses are located in the orobranchial cavity, as well as in the gills, although their cellular identity has not been confirmed (reviewed by [@bib64]). Furthermore, putative NECs (identified by morphology, innervation and serotonin immunoreactivity, although not as yet shown to be hypoxia-sensitive) have been reported in the epithelium of the air-breathing organs (where present) of ray-finned fishes, lobe-finned lungfishes and amphibians (reviewed by [@bib43]; [@bib34]). Anamniote air-breathing organs likely evolved from out-pocketings of the caudal orobranchial epithelium after the evolution of gills and NECs (reviewed by [@bib34]). Taken together, this leads us to speculate that hypoxia-sensitive NECs in the epithelia of the gills and orobranchial cavity of ancestral vertebrates were retained in the air-breathing organs of both anamniotes and amniotes. Testing this hypothesis for the evolutionary origin of PNECs must await evidence for the hypoxia-sensitivity of the putative NECs in the orobranchial epithelium of anamniotes.

Putative NECs have also been identified via serotonin immunoreactivity in the skin of developing zebrafish ([@bib41]; [@bib16]) and of adult mangrove killifish, which respire through the skin as well as the gills ([@bib82]). Our genetic lineage-tracing data in zebrafish show that these cells are not neural crest-derived. If these serotonergic cells in the embryonic skin indeed prove to be hypoxia-sensitive NECs, then we suggest that NECs are likely a 'local epithelial' rather than uniquely endodermal cell type, i.e., that they can differentiate within epithelia of either ectodermal or endodermal origin, like taste buds ([@bib3]; [@bib96]) and the ameloblast (enamel-forming) layer of teeth ([@bib92]).

It remained formally possible that, despite their different embryonic origins, gill NECs and glomus cells could be homologous cell types via activation of the same genetic network. However, we found that the transcription factor Phox2b, which is critical for glomus cell development ([@bib21]), is not expressed by embryonic zebrafish gill NECs, putative NECs in the orobranchial epithelium, or their putative homologues in lamprey embryos. (We also found that mouse and chicken PNECs lack Phox2b expression.) Hence, NECs and glomus cells cannot be homologous cell types.

A new hypothesis for carotid body evolution {#s3-2}
-------------------------------------------

Since neural crest-derived glomus cells could not have evolved from endoderm-derived gill NECs, what is their evolutionary history? Glomus cells are catecholaminergic, and they are strikingly similar to the neural crest-derived chromaffin (i.e., catecholaminergic) cells of the adrenal medulla. For example, in fetal or neonatal mammals, adrenal chromaffin cells release catecholamines in direct response to hypoxia, like glomus cells ([@bib17]; [@bib14], [@bib15]; [@bib89]; [@bib102]). This 'non-neurogenic' response to hypoxia, in the absence of neural input, facilitates the transition to air-breathing in neonates by stimulating lung fluid absorption and regulating cardiovascular function ([@bib89]; [@bib102]). The sensitivity of adrenal chromaffin cells to hypoxia is lost upon postnatal cholinergic innervation of the adrenal gland, although at least some hypoxia-responsive chromaffin cells persist in the adult adrenal medulla ([@bib26]; [@bib54]) (also see [@bib57]). Furthermore, hypoxia inhibits K^+^ currents in adrenal chromaffin cells, as in glomus cells (reviewed by [@bib57]), and the 'set point' of hypoxia sensitivity is controlled in both glomus cells and adrenal chromaffin cells by mutual antagonism between the oxygen-regulated transcription factors hypoxia-inducible factor 1-alpha (Hif1α/HIF1a) and hypoxia-inducible factor 2-alpha (Hif2α/HIF2a) ([@bib108]).

These similarities led us to re-visit century-old reports ([@bib28]; [@bib27]) of chromaffin (chromium salt-staining, i.e., catecholaminergic) cells associated with large branchial arch blood vessels in lamprey. We confirmed the existence of these catecholaminergic cells in ammocoete-stage sea lamprey, and went on to discover catecholaminergic cells associated with pharyngeal arch blood vessels in juvenile zebrafish, whose neural crest origin we demonstrated by genetic lineage-tracing. We speculate that the carotid body may have evolved via the aggregation of such cells, and their subsequent acquisition of serotonergic properties and afferent innervation by glossopharyngeal and/or vagal afferents, such that they became incorporated into the afferent arm of respiratory reflexes. In order to test this hypothesis, it will be necessary to investigate whether these blood vessel-associated catecholaminergic cells in anamniotes secrete catecholamines in response to hypoxia. Glomus cells in the carotid body are enveloped by glial-like sustentacular cells, also neural crest-derived ([@bib52]; [@bib77]; [@bib75]), which have been shown to act as adult stem cells for the production of new glomus cells under hypoxic conditions ([@bib75]). Hypotheses for carotid body evolution must also take these cells into account.

The amphibian carotid labyrinth, a maze-like vascular expansion at the bifurcation of the carotid artery, is sensitive to oxygen levels ([@bib36]) and considered a carotid body homologue (reviewed by [@bib50]). It contains both serotonergic and catecholaminergic cells, innervated by glossopharyngeal and/or vagal nerves ([@bib83]), with both efferent and afferent synapses (reviewed by [@bib50]). Furthermore, the glomus cells in the carotid labyrinth are enveloped by fine processes of sustentacular cells (reviewed by [@bib50]). In adult amphibians, the carotid labyrinth is hypothesized to replace the NECs of the larval gills as the primary site of the chemosensors responsible for maintaining respiratory homeostasis ([@bib49]; [@bib41]). Direct electrophysiological evidence is lacking for which cells are hypoxia-responsive, however, and their embryonic origin has not been established. Further investigation of the development and physiology of the carotid labyrinth in amphibians, and of the neural crest-derived catecholaminergic cells that we discovered in association with pharyngeal arch blood vessels in zebrafish, should help to test our new hypothesis for carotid body evolution.

A new model for amniote hypoxia-sensitive cell evolution {#s3-3}
--------------------------------------------------------

Given our lineage-tracing data, we present a new model for the evolution of the hypoxia-sensitive cells involved in amniote respiratory reflexes ([Figure 8](#fig8){ref-type="fig"}). We hypothesize that carotid body glomus cells evolved via the aggregation of neural crest-derived catecholaminergic (chromaffin) cells that were already associated with blood vessels in anamniote gill arches (and which must subsequently have acquired serotonergic properties and afferent innervation by glossopharyngeal and/or vagal nerves), while NECs differentiating in situ in the endoderm-derived epithelia of the gills and orobranchial cavity were retained as PNECs in lung airway epithelia. This model can be viewed as more parsimonious, since both embryonic lineage (neural crest versus endoderm) and function (physiological versus environmental oxygen monitoring) are maintained during the proposed evolutionary history of glomus cells and PNECs. Testing the model will require investigation of the physiology and hypoxia-responsiveness of anamniote gill arch blood vessel-associated catecholaminergic cells.

Materials and methods {#s4}
=====================

Zebrafish lines {#s4-1}
---------------

The following zebrafish (*Danio rerio*) lines were used: *Tg(-28.5sox10:cre);Tg(ef1a:loxP-DsRed-loxP-EGFP)* ([@bib44]), *Tg(-4.9sox10:creER^T2^);Tg(βactin:loxP-SuperStop-loxP-DsRed)* ([@bib67]), *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* ([@bib69]; [@bib47]), *tfap2a^mob^;foxd3^mos ^*([@bib104]) and *Tg(sox17:creER^T2^;cmlc2:DsRed)* \[created using the *sox17* promoter from [@bib66]; Joseph J. Lancman, Keith P. Gates, and P. Duc S. Dong, personal communication, March, 2017\]. Experiments using *Tg(-4.9sox10:creER^T2^);Tg(βactin:loxP-SuperStop-loxP-DsRed)* zebrafish were conducted in compliance with the regulations of the Regierungspräsidium Tübingen and the Max Planck Society. Experiments using all other zebrafish lines were conducted according to protocols approved by the Institutional Animal Care and Use Committees in facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). All zebrafish were fixed overnight at 4°C in 4% paraformaldehyde in phosphate-buffered saline (PBS), except for *Tg(sox17:creER^T2^;cmlc2:DsRed);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish, which were fixed overnight at 4°C in 4% paraformaldehyde in 0.1 M Pipes, 1 mM MgSO~4~, 2 mM EGTA, pH 7).

To induce Cre activity and recombination in *Tg(-4.9sox10:creER^T2^);Tg(βactin:loxP-SuperStop-loxP-DsRed)* zebrafish, embryos were dechorionated at 16 hr post-fertilization (hpf) and treated with 5 μM 4-hydroxytamoxifen (4-OHT; Sigma-Aldrich, St. Louis, MO) for 8 hr. As reported in [@bib67], 4-OHT treatment of this line for 8 hr from 16 hpf is very effective in yielding Cre-induced recombination in the branchial arches, and was used in [@bib67] to demonstrate the neural crest origin of gill pillar cells. To induce Cre activity and recombination in *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish, embryos were treated with 20 μM 4-OHT in ethanol at 50% epiboly and again at 24 hpf. To induce Cre activity and recombination in *Tg(sox17:creER^T2^;cmlc2:DsRed);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish, embryos were treated for 3 hr from 5 hpf with 10 μM 4-OHT.

*Xenopus* neural fold grafts {#s4-2}
----------------------------

Experiments using *Xenopus laevis* were conducted in accordance with the UK Animals (Scientific Procedures) Act 1986, with appropriate personal and project licences in place where necessary. Embryos were obtained by in vitro fertilization and initially kept at 14°C in 0.1% modified Barth's saline (MBS). For grafted embryos that would be grown to stage 53 (after the onset of independent feeding), *CMV-GFP* transgenic embryos ([@bib59]) were used as donors and the embryos were grafted and reared at the European *Xenopus* Resource Centre (University of Portsmouth, UK). For grafted embryos that were to be grown to embryonic stages 41--45, GFP-positive donor embryos were made by injecting *cyto-GFP* mRNA into one cell at the two-cell stage, or two cells at the four-cell stage. Briefly, embryos were de-jellied in 2% cysteine and washed several times in 0.1% MBS before being transferred and positioned for injection in a mesh-lined Petri dish filled with 4% Ficoll. Injected embryos were allowed to recover in 4% Ficoll for at least 1 hr before being transferred to 0.1% MBS.

De-jellied GFP-positive embryos and wild-type embryos were allowed to grow to stage 13--17 at 14--18°C. For grafting, embryos were moved to 18 mm Petri dishes lined with plasticine or 1% agarose with depressions and containing a high-salt transplantation solution (1x MBSH: 1x MBS, 0.7 mM CaCl~2~, 0.02 mM NaCl, supplemented with 2 mM CaCl~2~ and 2.5 mg/ml gentamycin \[Sigma-Aldrich\]). The region of the neural folds containing premigratory branchial and vagal neural crest ([@bib86]) was removed unilaterally from stage 13--15 wild-type hosts and replaced with GFP-positive tissue from the same region of donor embryos ([Figure 3d](#fig3){ref-type="fig"}). The grafted tissue was held in place with a small piece of glass coverslip while embryos recovered in transplantation solution for at least 2 hr, before being moved to 0.1% MBS and reared at 18°C. Embryos were overdosed in MS222 (Sigma-Aldrich) in PBS before being fixed in 4% paraformaldehyde in PBS overnight at 4°C.

Lamprey DiI injections {#s4-3}
----------------------

Experiments using sea lamprey (*Petromyzon marinus*) were conducted according to protocols approved by the California Institute of Technology Institutional Animal Care and Use Committee. Eggs were collected from adults and fertilized as described ([@bib71]). Embryos were maintained at 18°C in 0.1x or 1x Marc\'s modified Ringer's (MMR) solution. DiI labeling was performed as described ([@bib71]) with some modifications. Briefly, E5 embryos (Piavis stages 11--12) were manually dechorionated in 0.1x MMR, then immobilized and oriented in 18-mm Petri dishes that were lined with a fine mesh. Embryos were pressure-injected into the dorsal neural tube using glass capillary tubes filled with 0.5 mg/ml of Cell Tracker-CM-DiI (Invitrogen, Carlsbad, CA) diluted in 0.3 M sucrose (from a 5 mg/ml stock diluted in ethanol). They were allowed to recover for 24 hr, then individually transferred to an uncoated Petri dish containing 1x MMR and allowed to develop to E19 (Piavis stage 17). Embryos were periodically checked and imaged throughout, then fixed in 4% paraformaldehyde in PBS for 1 hr at room temperature.

Transgenic mouse lines {#s4-4}
----------------------

The following transgenic mouse lines were used: *Wnt1-cre;R26R-YFP* ([@bib20]; [@bib94]), *Sox17^2A-iCre^;R26^R/+^* ([@bib23]; [@bib91]) and *Sox17^2A-iCre^;R26R^tdTomato^* ([@bib23]; [@bib58]). Experiments using these mice were conducted in accordance with the UK Animals (Scientific Procedures) Act 1986, with appropriate personal and project licences in place. Embryos were dissected at appropriate stages and fixed at 4°C overnight in 4% paraformaldehyde in PBS.

Chicken neural tube grafts {#s4-5}
--------------------------

Experiments using chicken (*Gallus gallus domesticus*) embryos were conducted in accordance with the UK Animals (Scientific Procedures) Act 1986, with appropriate personal and project licences in place where necessary. Fertilized wild-type chicken eggs were obtained from Henry Stewart and Co. Ltd., Norfolk, UK. Fertilized GFP-transgenic chicken eggs ([@bib61]) were obtained from the Roslin Institute Transgenic Chicken Facility (Edinburgh, UK), which is funded by the Wellcome Trust and the BBSRC. Fertilized wild-type and GFP-transgenic eggs were incubated in a humidified atmosphere at 38°C for approximately 1.5 days to reach 8--11 somites. The neural tube and associated neural folds between the level of somite one and the caudal end of the seventh somite were dissected from a wild-type host and replaced with the equivalent tissue from a GFP-transgenic donor embryo. At E14, embryos were decapitated and the lungs dissected out and fixed overnight in 4% paraformaldehyde in PBS. At E16.5, embryos were decapitated and fixed overnight in 4% paraformaldehyde in PBS; the lungs were dissected after fixation. The lungs were dehydrated through an ethanol series into 100% ethanol for storage.

*Xenopus* DiI injections {#s4-6}
------------------------

Stage 14 *Xenopus laevis* embryos were fixed in place in a plasticine dish filled with 1x MBSH supplemented with 2 mM CaCl~2~, and the endoderm was exposed by cutting a flap into the anterior neural plate (leaving it attached on the anterior side) with tungsten needles, which was folded back to expose the endoderm. A stock solution of 2 mg/ml Cell Tracker-CM-DiI (Invitrogen) in ethanol was diluted 1:10 in 10% sucrose and microinjected into the anterior endoderm (regions 1 and 5 of [@bib13]) using a glass electrode whose tip was approximately 20 µm in diameter. The endoderm of each embryo was injected at three to five sites. The flap of the neural plate was then folded back in place and pressed down with a small piece of glass coverslip supported on plasticine feet until it healed back in place (approximately 1--2 hr). Embryos were then transferred into 0.1 x MBS containing 25 mg/l gentamicin (Sigma-Aldrich), 400 mg/l penicillin (Sigma-Aldrich) and 400 mg/l streptomycin sulfate (Sigma-Aldrich). At stage 45, tadpoles were overdosed in MS222 (Sigma-Aldrich) in PBS before being fixed in 4% paraformaldehyde in PBS at 4°C overnight for up to several days, then transferred to PBS.

Ammocoete lamprey {#s4-7}
-----------------

An ammocoete lamprey was euthanized by MS222 (Sigma-Aldrich) overdose, fixed in modified Carnoy's solution (six volumes ethanol: three volumes 37% formaldehyde: 1 volume glacial acetic acid) and dehydrated through an ethanol series into 100% ethanol.

Embedding and immunostaining {#s4-8}
----------------------------

DiI-labeled lamprey embryos, grafted *Xenopus* embryos, some *Tg(-28.5sox10:cre;ef1a:loxP-DsRed-loxP-EGFP), tfap2a^mob^;foxd3^mos ^*zebrafish embryos and their wild-type siblings were dehydrated from PBS into 100% methanol and transferred to 100% isopropanol overnight at 4°C. Embryos were transferred to 1:1 isopropanol:chloroform for 1 hr at 4°C and then to 100% chloroform for 2 hr at −20°C. After warming to room temperature, embryos were transferred to 1:1 chloroform:paraffin wax (Raymond A. Lamb Ltd., Thermo Fisher Scientific, Waltham, MA) at 60°C for 30 min, followed by three 30-min incubations and an overnight incubation at 60°C in paraffin wax. Embryos were embedded in plastic molds and sectioned at 6 µm using a rotary microtome.

DiI-labeled *Xenopus* embryos, *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)*, *Tg(-4.9sox10:creER^T2^);Tg(βactin:loxP-SuperStop-loxP-DsRed),* some *Tg(-28.5sox10:cre);Tg(ef1a:loxP-DsRed-loxP-EGFP)* and *Tg(sox17:creER^T2^;cmlc2:DsRed);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish in PBS were sucrose-protected before being embedded in 7.5-20% gelatin in plastic molds, flash-frozen in liquid nitrogen and cryosectioned at 6 μm.

Mouse embryos and wild-type zebrafish embryos were sucrose-protected before being embedded in O.C.T. compound (Tissue-Tek, Sakura Finetek, Torrance, CA) in plastic molds, flash-frozen in isopentane on dry ice and cryosectioned at 10--15 μm.

Grafted chicken lungs and the ammocoete lamprey in 100% ethanol were cleared in Histosol (National Diagnostics, Atlanta, GA) and incubated in 1:1 Histosol: paraffin wax (Raymond A. Lamb Ltd.) for 30 min at 60°C, followed by three 30-min incubations and an overnight incubation in paraffin wax at 60°C. They were then embedded in plastic molds and sectioned at 6--10 µm using a rotary microtome.

For immunostaining on paraffin wax sections, slides were de-waxed in Histosol and rehydrated into PBS through a graded ethanol series. Cryosections were allowed to warm to room temperature and washed in PBS. When necessary, gelatin was removed by dipping slides in PBS warmed to 37°C. All anti-serotonin antibodies used required antigen retrieval, which was performed by heating the slides for 30 s in a microwave in 10 mM sodium citrate buffer solution (pH 6), followed by two washes in PBS. Immunostaining was performed as described ([@bib71]) with slight modifications: slides were incubated overnight at 4°C or at room temperature in primary antibody in blocking solution (10% sheep, goat or donkey serum, as appropriate, in PBS with 0.1% Triton X-100); secondary antibodies were incubated at room temperature for 2 hr or overnight at 4°C. For horse-radish peroxidase detection, slides were incubated in 0.3 mg/ml diaminobenzidine, 0.02% H~2~O~2~, 0.05% Triton X-100 in PBS. After immunostaining, sections were counterstained with the nuclear marker DAPI (1 ng/ml) (Invitrogen) and mounted in Fluoromount G (Southern Biotech, Birmingham, AL).

For whole-mount immunostaining, *Tg(crestin:creER^T2^);Tg(-3.5ubi:loxP-GFP-loxP-mCherry)* zebrafish embryos were incubated for 2 hr in blocking buffer (PBS with 4% bovine serum albumin, 0.3% Triton X-100, 0.02% sodium azide) prior to overnight incubation at 4°C with primary antibodies diluted in blocking buffer. Embryos were washed for 2 hr at room temperature in PBS with 0.3% Triton X-100, then incubated overnight at 4°C in blocking buffer containing secondary antibodies diluted 1:200 and 1 mg/ml DAPI (Invitrogen) diluted 1:200. After washing for 2 hr in PBS with 0.3% Triton X-100, embryos were suspended in 80% glycerol before mounting.

Antibodies {#s4-9}
----------

Primary antibodies were used against the following antigens: acetylated tubulin \[1:250 mouse IgG2b, clone 6-11-B1, T7451 Sigma-Aldrich; previously used in the sea lamprey, e.g., [@bib6]\], Ascl1 (Mash1) \[1:200 mouse IgG1 ([@bib55]), kind gift of F. Guillemot, NIMR, London, UK; 1:100 mouse IgG1, \#556604 BD Biosciences, San Jose, CA\], DsRed2 (1:100 mouse IgG1, sc-101526 Santa Cruz Biotechnology, Dallas, TX), Elavl3/4 (HuC/D) (1:500 mouse IgG2b, A-21271 Invitrogen), GFP (1:500 rabbit, A-6455 Invitrogen; 1:500 mouse IgG1, \#1814460001 Roche, Basel, Switzerland; 1:250 goat, ab6662 Abcam \[Cambridge, UK\]; 1:150 chicken, ab13970 Abcam), HNK-1 carbohydrate epitope ([@bib1]; [@bib103]) \[for zebrafish neurites ([@bib62]): 1:100 mouse IgG1, ZN-12 Developmental Studies Hybridoma Bank; for lamprey neurites ([@bib7]): 1:50 mouse IgM, 3H5 Developmental Studies Hybridoma Bank\], mCherry (1:250 mouse IgG1, \#632543 Clontech Takara Bio USA Inc., Mountain View, CA; 1:200 goat, orb11618 Biorbyt, Cambridge, UK), serotonin (5-hydroxytryptamine, 5-HT) \[1:100 (whole-mount) or 1:250 (sections) rabbit, S5545 Sigma-Aldrich, previously used in zebrafish, e.g., [@bib51], bullfrog ([@bib83]) and Arctic lamprey ([@bib99]); 1:100 rat, MAB352 Merck Millipore, Temecula, CA, previously used in zebrafish ([@bib97]); 1:250 goat, ab66047 Abcam\], Phox2b \[1:500 rabbit, kind gift of Jean-François Brunet, Institut de Biologie de l\'École Normale Supérieure, Paris, France; previously used in zebrafish ([@bib18]); Tubb3 (neuronal β-III tubulin) (1:500 mouse IgG2a, clone TUJ1, MMS-435P Covance BioLegend, San Diego, CA), and tyrosine hydroxylase \[1:250, rabbit, AB152 Merck Millipore; previously used in zebrafish, e.g., [@bib106], and sea lamprey, e.g., [@bib6]. (The Developmental Studies Hybridoma Bank was developed under the auspices of the NICHD and is maintained by the University of Iowa, Department of Biological Sciences, Iowa City.) Appropriately matched AlexaFluor or horse-radish peroxidase-conjugated secondary antibodies were obtained from Molecular Probes/Invitrogen.

Whole-mount in situ hybridization {#s4-10}
---------------------------------

The lamprey (*P. marinus*) *Phox2* clone ([@bib31]) was a kind gift of Marianne Bronner (Caltech, Pasadena, CA, USA). Whole-mount in situ hybridization on lamprey embryos was performed as described ([@bib71]). After whole-mount in situ hybridization, embryos were incubated in PBS with 5% sucrose for 4 hr at room temperature, followed by incubation overnight at 4°C in 15% sucrose in PBS. Embryos were transferred into pre-warmed 7.5% gelatin in 15% sucrose in PBS and incubated for 1--4 hr at 37°C, then oriented and embedded in molds, frozen by immersion in a dry ice-isopentane solution for 30 s, and cryosectioned at 12--16 µm. Gelatin was removed from the slides by a 5-min incubation in PBS pre-warmed to 37°C.

In situ hybridization on paraffin wax sections {#s4-11}
----------------------------------------------

The chicken *Phox2b* clone ([@bib95]) was a kind gift of Jean-François Brunet (Institut de Biologie de l\'École Normale Supérieure, Paris, France). For in situ hybridization on paraffin wax sections, slides were de-waxed in Histosol (National Diagnostics) and rehydrated into diethylpyrocarbonate (DEPC)-treated (Sigma-Aldrich) PBS through a graded ethanol series. In situ hybridization was performed on sections as described ([@bib63]).

X-gal staining {#s4-12}
--------------

For X-gal staining on cryosections of mouse tissue, the following staining solution was added to slides prior to incubation at 37°C for 2 hr: 5 mM K~3~Fe(CN)~6~, 5 mM K~4~Fe(CN)~6~, 2.7 mM MgCl~2~ in PBS, supplemented with 75 mg/ml X-gal in dimethyl sulfoxide (DMSO).

Alcian blue plus hematoxylin and eosin staining {#s4-13}
-----------------------------------------------

For Alcian blue plus hematoxylin and eosin staining on paraffin sections, slides were de-waxed in Histosol and rehydrated into water through a graded ethanol series. Slides were rinsed in 3% acetic acid before staining in 2 mg/ml Alcian blue (Searle Diagnostic, High Wycombe, UK) in 3% acetic acid for at least 30 min. Slides were then rinsed in water and treated with 0.3% NaHCO~3~, followed by another rinse in running water and staining in Mayer's hematoxylin (Sigma-Aldrich) for 10 min. Slides were stained in 1% aqueous eosin Y solution (BDH) for 8 min, then washed again in running water before dehydration through an ethanol series into 100% ethanol. After washing in Histosol, slides were mounted with DPX (BDH).

Image capture and processing {#s4-14}
----------------------------

Whole-mount images were taken using a Leica MZFLIII microscope (Leica Microsystems, Wetzlar, Germany) fitted with a QImaging MicroPublisher 5.0 RTV camera and QCapture Pro 6.0 software (QImaging, Surrey, BC, Canada); a Zeiss AxioSkop2 microscope fitted with a Zeiss AxioCam HRc camera and Zeiss AxioVision Rel. 4.8 software (Carl Zeiss, Oberkochen, Germany); an Olympus MVX10 microscope (Olympus Corporation, Tokyo, Japan) fitted with a Zeiss AxioCam HRc camera and Zeiss AxioVision Rel. 4.8 software; an Olympus 1 × 71 inverted microscope fitted with a Hamamatsu ORCA-R2 monochrome camera and HCImage software (Hamamatsu Photonics, Hamamatsu, Japan); a Zeiss LSM 710 confocal microscope with Zeiss ZEN software; and a Zeiss 710 confocal microscope with Zeiss LSM Image Browser (version 4.2.0.121) software, which was used to create three-dimensional images and stack movies. Images of sections were taken using a Zeiss AxioSkop 2 MOT microscope fitted with a QImaging Retiga 2000R camera, a Qimaging RGB pancake and QCapture Pro 6.0 software; a Zeiss Scope.A1 microscope fitted with a Zeiss AxioCam MRm camera and Zeiss ZEN 2012 (blue edition) software; and a Zeiss LSM 780 confocal microscope with Zeiss ZEN 2011 (black edition) software. All images were further processed in Photoshop CS4 (Adobe Systems Inc., San Jose, CA) and/or ImageJ 1.50i software (NIH, Bethesda, MD).

Statistical analysis {#s4-15}
--------------------

Data analysis and statistical tests were performed using Microsoft Excel and GraphPad Prism 7 software (GraphPad Software, Inc., La Jolla, CA). Data sets were tested for normality using the Shapiro-Wilk test (alpha = 0.05) and for equality of variance using an F test (p=0.38), and compared using an unpaired two-tailed Student's t-test. Data are presented as mean ± standard deviation (s.d.).
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Evolution of the hypoxia-sensitive cells involved in amniote respiratory reflexes\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by Robb Krumlauf as the Senior Editor and Reviewing Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Senior Editor has drafted this decision to help you prepare a revised submission.

Summary:

This manuscript focuses on the evolutionary origins of hypoxia-sensitive cells in the transition from anamniotes to amniotes. The work focuses largely on lineage and physical fate mapping studies to trace the embryological origin of the neuroendocrine cells (NEC) in gills of non-amniotic species (zebrafish, lamprey and frogs) and to test whether these NEC correspond to the glomus or PNEC of amniotes (mice). They show that gill NEC do not derive from neural crest cells, unlike the glomus cells, but arise by in situ differentiation of the gill epithelium and thus are rather homologous to amniote pulmonary NEC (PNEC) than to glomus NEC. The study addresses a complex question and includes various genetic and cell labeling approaches in zebrafish, *Xenopus*, lamprey and mouse. This is a large body of work that is both interesting and carefully done. However in the present version several issues are left to be resolved. Many can be handled by modifications to the text, softening statements and providing more details or clarity. However, there is also a need for additional experimental data.

Major revisions:

1\) Results from the lineage tracing and knockout studies provided here are overall clear and supportive in their claim that PNECs in amniotes and NEC anamniotes are endoderm-derived. However, there are important gaps of knowledge and uncertainties regarding the role of NEC as hypoxia-sensitive cells in the species they analyze. This raises questions on whether the title of this paper \"Evolution of the hypoxia-sensitive cells in amniote respiratory reflexes\" can be justified. The authors need to deal with these issues in the text and consider modifying the title. Specifically:

A\) Patch-clamp studies provide evidence that gill NECs of zebrafish and catfish are hypoxia sensitive. However, there is a lack of evidence that the oropharyngeal putative NEC (innervated serotonergic cells) of anamniotes are hypoxia-sensitive (subsection "NECs are endoderm-derived, suggesting homology with PNECs, not glomus cells", first paragraph). This weakens their proposed hypothesis that \"hypoxia-sensitive NECs in the epithelia of the gills and orobranchial cavity of ancestral vertebrates were retained in air-breathing organs of both anamniotes and amniotes\".

B\) The authors state that putative hypoxia-responsive NECs have been reported in the skin of anamniotes (zebrafish, killifish). However, they do not comment on whether these NEC differentiate in situ from ectodermal skin progenitors or originate from migrating neural crest cells (like melanocytes). This may add complexity to their model, given that oropharyngeal NEC (shown to be non-neural crest-derived) have not yet been proven to be hypoxia-sensitive. Are there hypoxia-responsive and unresponsive NEC in anamniotes?

2\) Points related to the issue of homology:

A\) What does define structures as \"homologous\"? Given the focus of this manuscript, the authors should provide a definition or give more stringent criteria to consider structures \"homologous\".

B\) What is the functional significance of the homology between these cells in anamniotes and amniotes? Does this provide any evolutionary advantage? The discussion does not lead to clear insights into this issue and it should be addressed.

C\) In the third paragraph of the Introduction: The authors mention that \"if glomus cells and NECs are homologous, they should share a common embryonic origin\" and in the first paragraph of the subsection "NECs are endoderm-derived, like PNECs": "Overall our data show that anamniote NECs are not neural crest-derived, hence cannot be homologous to glomus cells\". The authors need to properly qualify these statements. While embryonic origins generally do support homology (defined as similarity resulting from common ancestry), especially for more complex tissues and structures, modern EvoDevo has shown repeatedly that homologous cell types (cells whose similarly is so extensive that they must be evolutionarily related) can sometimes have different embryonic origins. Perhaps the most dramatic example of this are ectomesenchymal NCC derivatives, e.g. NCC-derived smooth muscle and bone are clearly homologous to mesoderm-derived smooth muscle or bone, despite originating from different germ layers. If NECs and Glomus cells were shown to activate the same genetic network, they could be considered homologous despite disparate embryonic origins.

D\) With respect to the anamniote evolutionary homologs of glomus cells, the authors only establish a superficial similarity. There is no proof that the catecholaminergic neural crest-derived cells in zebrafish have any hypoxia-sensing role, the hypothesis for homology is highly speculative. The authors need to qualify or soften their hypothesis by noting this lack of evidence for hypoxia-sensing.

3\) Aside from serotonin immunoreactivity, chromium staining/tyrosine hydroxylase, and various general neural markers, nothing is known about the gene-regulatory identity of NECs, PNECs, glomus cells, and the newly described chromaffin cells. Thus, it is formally possible that glomus cells and NECs may activate identical gene-regulatory programs, while PNECs and NECs could be very different at the level of the transcription factors and other developmental regulators they utilize, and are thus similar due to convergence. The use of serotonin (5-HT) as a marker of NECs should be confirmed with a second NEC-specific marker that does not label neurons as well. There is evidence for serotonin-negative NECs (Jonz et al. 2004); it should be mentioned that the NECs described in this study are not comparable to those. Ideally, it would be important to have 1 or more molecular markers for developmental regulators (aside from terminal differentiation/effector proteins like serotonin) that confirm the proposed homologies.

4\) Although figures are well done, the overall choice of colors used in immunofluorescence (IF) images (green/magenta) does not yield optimal assessment of the patterns or resolution details. This is particularly problematic when double labeling needs to be demonstrated. In several instances there seems to be a disconnect between the perceived and the described co-localization of signals in the figures and text. A combination of red and green should minimize this issue and is recommended to be used in all IF images.

5\) In [Figure 5---figure supplement 1A, B](#fig5s1){ref-type="fig"} there are at least 2 clearly labeled Wnt1-Cre;R26-YFP+ epithelial cells in the field. Both are closely associated with Ascl1-expressing cells (or could even be expressing Ascl1, depending on sectioning angle). These cells are not indicated in the figure or commented on in the text. As noted above, the use of red/green colors in these images would likely help in clarifying whether there is overlap in YFP-Ascl1. How frequently these cells are seen? Do they appear at other developmental stages and how frequently? Is this an artifact or real? This is relevant, given the focus of this paper on the contribution of neural crest cells to the NEC lineage. In addition, neural crest-derived cells in the epithelium, if confirmed, is an important observation.

6\) It is interesting to see that the number of putative NECs seems to be unchanged in zebrafish that are missing neural crest derivatives. Their development seems to be unaffected even when their usual developmental environment is largely disrupted. This is an intriguing result and would be made more so by examination of a greater number of embryos as the current statistics show a lot of variation.

7\) The lineage tracing of Sox17 using reporter mice in [Figure 5A-D](#fig5){ref-type="fig"} does not include double staining (βGal-5HT). Moreover, it is not explained that this reporter labels both epithelial and mesenchymal components nor why it was used. Half of 5-HT positive cells were also positive for a sox17 induced reporter in zebrafish ([Figure 5](#fig5){ref-type="fig"}). Is this a consequence of the sections including many non-NEC (or otherwise non-endoderm derived) serotonergic cells, or does it reflect somewhat low levels of the inducible Cre in these fish, leading to unsaturated reporter switching? Some discussion of this in the text would be appreciated.
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Author response

*Major revisions:*

*1) Results from the lineage tracing and knockout studies provided here are overall clear and supportive in their claim that PNECs in amniotes and NEC anamniotes are endoderm-derived. However, there are important gaps of knowledge and uncertainties regarding the role of NEC as hypoxia-sensitive cells in the species they analyze. This raises questions on whether the title of this paper \"Evolution of the hypoxia-sensitive cells in amniote respiratory reflexes\" can be justified. The authors need to deal with these issues in the text and consider modifying the title. Specifically:*

*A) Patch-clamp studies provide evidence that gill NECs of zebrafish and catfish are hypoxia sensitive. However, there is a lack of evidence that the oropharyngeal putative NEC (innervated serotonergic cells) of anamniotes are hypoxia-sensitive (subsection "NECs are endoderm-derived, suggesting homology with PNECs, not glomus cells", first paragraph). This weakens their proposed hypothesis that \"hypoxia-sensitive NECs in the epithelia of the gills and orobranchial cavity of ancestral vertebrates were retained in air-breathing organs of both anamniotes and amniotes\".*

Indeed, there is no direct evidence that the putative NECs in the orobranchial epithelium are hypoxia-sensitive, although we did note in the Introduction that: "Denervation experiments in various fishes (a shark, as well as some teleosts) have shown that hypoxia-sensitive and/or CO~2~sensitive chemoreceptors involved in ventilation responses are located in the orobranchial cavity, as well as in the gills, although their cellular identity has not been confirmed (reviewed by Milsom, 2012)." We have now moved the above text and associated information to the Discussion (subsection "Gill NECs are endoderm-derived, suggesting shared ancestry with PNECs, not glomus cells", first paragraph), where its relevance will hopefully be clearer. We have also clarified that our hypothesis for PNEC evolution is speculative, and that testing this hypothesis must await evidence for the hypoxia-sensitivity of the putative NECs in the orobranchial epithelium of anamniotes (see aforementioned paragraph). We have also amended the "Hypoxia-sensitive cells" label in the schematic summary figure ([Figure 8](#fig8){ref-type="fig"}, formerly [Figure 7](#fig7){ref-type="fig"}) to "Putative hypoxia-sensitive cells".

*B) The authors state that putative hypoxia-responsive NECs have been reported in the skin of anamniotes (zebrafish, killifish). However, they do not comment on whether these NEC differentiate in situ from ectodermal skin progenitors or originate from migrating neural crest cells (like melanocytes). This may add complexity to their model, given that oropharyngeal NEC (shown to be non-neural crest-derived) have not yet been proven to be hypoxia-sensitive. Are there hypoxia-responsive and unresponsive NEC in anamniotes?*

The embryonic origin of putative skin NECs (identified so far only in embryonic zebrafish and adult killifish, i.e., two teleost fish species) had not previously been investigated. In response to this comment, we performed additional neural crest lineage-tracing experiments in zebrafish: we now provide experimental data showing that the putative skin NECs in embryonic zebrafish are not neural crest-derived ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}; [Videos 1](#media1){ref-type="other"} and [2](#media2){ref-type="other"}; subsection "Zebrafish NECs are not neural crest-derived", fourth paragraph).

The comment also made us realise that our original wording about the putative skin NECs was ambiguous: they have not been shown directly (e.g. by patch-clamp) to be hypoxia-sensitive, although the putative NECs increase in area in response to hypoxia in killifish, while the usual decline in the number of the putative zebrafish NECs seen with age is reduced or delayed by hypoxia, and accelerated by hyperoxia. We have clarified this in the text (see aforementioned paragraph and subsection "Gill NECs are endoderm-derived, suggesting shared ancestry with PNECs, not glomus cells", second paragraph).

Overall, we feel that our title is justified. Zebrafish gill NECs, mammalian carotid body glomus cells and mammalian PNECs have all been shown to be directly sensitive to hypoxia, and are all proposed to play a role in mediating respiratory reflexes. By exploring their development, and suggesting a new model for the evolution of both glomus cells and PNECs in light of our experimental data, our manuscript explores the evolution of the hypoxiasensitive cells involved in amniote respiratory reflexes. Direct physiological studies are of course still needed to confirm the hypoxia-sensitivity of the putative NECs in the orobranchial epithelium, as well as the putative gill and orobranchial NECs in *Xenopus* and lamprey: we hope that our manuscript will stimulate further work in this area. (If you insist, we can of course change the title, but we would appreciate suggestions as to what you feel would be more appropriate.)

*2) Points related to the issue of homology:*

*A) What does define structures as \"homologous\"? Given the focus of this manuscript, the authors should provide a definition or give more stringent criteria to consider structures \"homologous\".*

We now specify that we are testing whether gill NECs and glomus cells derive from a common ancestral cell population (Introduction, third and fourth paragraphs; subsection "Gill NECs are endoderm-derived, like PNECs", first paragraph; Discussion subsection "Gill NECs are endoderm-derived, suggesting shared ancestry with PNECs, not glomus cells", heading and first paragraph).

*B) What is the functional significance of the homology between these cells in anamniotes and amniotes? Does this provide any evolutionary advantage? The discussion does not lead to clear insights into this issue and it should be addressed.*

We have added text to the first paragraph of the Discussion to address this comment.

*C) In the third paragraph of the Introduction: The authors mention that \"if glomus cells and NECs are homologous, they should share a common embryonic origin\" and in the first paragraph of the subsection "NECs are endoderm-derived, like PNECs": "Overall our data show that anamniote NECs are not neural crest-derived, hence cannot be homologous to glomus cells\". The authors need to properly qualify these statements. While embryonic origins generally do support homology (defined as similarity resulting from common ancestry), especially for more complex tissues and structures, modern EvoDevo has shown repeatedly that homologous cell types (cells whose similarly is so extensive that they must be evolutionarily related) can sometimes have different embryonic origins. Perhaps the most dramatic example of this are ectomesenchymal NCC derivatives, e.g. NCC-derived smooth muscle and bone are clearly homologous to mesoderm-derived smooth muscle or bone, despite originating from different germ layers. If NECs and Glomus cells were shown to activate the same genetic network, they could be considered homologous despite disparate embryonic origins.*

This is a very valid point brought up by the reviewers: separate embryonic origin does not necessarily rule out homology. As suggested, we investigated whether NECs and glomus cells activate the same genetic network. We have added new expression data to show that Phox2b, which is essential for glomus cell development (Dauger et al., 2003, Development, 130, 663542), is not expressed by zebrafish gill NECs, or by their putative counterparts in lamprey, or by putative NECs in the orobranchial epithelium ([Figure 6A-J](#fig6){ref-type="fig"}' in the revised manuscript; subsection "NECs do not express Phox2b, which is essential for glomus cell development", first paragraph). Hence, NECs and glomus cells cannot be considered to be homologous cell types by virtue of activating the same genetic network. We now refer to this possibility explicitly (Introduction, last paragraph, subsection "NECs do not express Phox2b, which is essential for glomus cell development", first and last paragraphs, subsection "Gill NECs are endoderm-derived, suggesting homology shared ancestry with PNECs, not glomus cells", last paragraph). We also show that, like NECs, PNECs in mouse and chicken do not express Phox2b ([Figure 6K-M](#fig6){ref-type="fig"}' in the revised manuscript; subsection "NECs do not express Phox2b, which is essential for glomus cell development", second paragraph).

*D) With respect to the anamniote evolutionary homologs of glomus cells, the authors only establish a superficial similarity. There is no proof that the catecholaminergic neural crest-derived cells in zebrafish have any hypoxia-sensing role, the hypothesis for homology is highly speculative. The authors need to qualify or soften their hypothesis by noting this lack of evidence for hypoxia-sensing.*

We agree that this is a speculative hypothesis: we have qualified the wording to indicate this (Introduction, last paragraph, subsection "Candidate glomus cell homologues in fish: neural crest-derived chromaffin cells associated with pharyngeal arch blood vessels", last paragraph, subsection "A new hypothesis for carotid body evolution", second paragraph and subsection "A new model for amniote hypoxia-sensitive cell evolution"), and added sentences noting the need for evidence of hypoxia-sensitivity (see the aforementioned paragraphs). We have also amended the "Hypoxia-sensitive cells" label in the schematic summary figure ([Figure 8](#fig8){ref-type="fig"}, formerly [Figure 7](#fig7){ref-type="fig"}) to "Putative hypoxia-sensitive cells".

*3) Aside from serotonin immunoreactivity, chromium staining/tyrosine hydroxylase, and various general neural markers, nothing is known about the gene-regulatory identity of NECs, PNECs, glomus cells, and the newly described chromaffin cells. Thus, it is formally possible that glomus cells and NECs may activate identical gene-regulatory programs, while PNECs and NECs could be very different at the level of the transcription factors and other developmental regulators they utilize, and are thus similar due to convergence.*

As noted in the response to point 2C, we have now provided data showing that NECs and PNECs do not express Phox2b, hence are genetically distinct from glomus cells.

*The use of serotonin (5-HT) as a marker of NECs should be confirmed with a second NEC-specific marker that does not label neurons as well.*

Unfortunately, there are no NEC-specific markers. Serotonin is the conventional marker for NECs. Other published NEC markers, such as the synaptic vesicle protein SV2, label neurons as well. We have added more information into the Introduction about how fish gill NECs were first identified, and the use of serotonin as the conventional marker for these cells (Introduction, second paragraph).

*There is evidence for serotonin-negative NECs (Jonz et al. 2004); it should be mentioned that the NECs described in this study are not comparable to those.*

We now include information about these cells in the Introduction (second paragraph). We note that both Jonz et al. (2004, J. Physiol., 560, 737-52) and the previous paper by the same group reporting the existence of serotonin-negative NECs (using expression of the synaptic vesicle protein SV2; Jonz & Nurse, 2003, J. Comp. Neurol., 461, 117) speculate that these cells are immature NECs; we have included this in our description (see aforementioned paragraph).

*Ideally, it would be important to have 1 or more molecular markers for developmental regulators (aside from terminal differentiation/effector proteins like serotonin) that confirm the proposed homologies.*

As noted in the response to point 2C, we have added new data showing that gill NECs, putative gill NECs, putative orobranchial NECs, and PNECs, all lack Phox2b expression, which is essential for glomus cell development (Dauger et al., 2003, Development, 130, 6635-6642).

*4) Although figures are well done, the overall choice of colors used in immunofluorescence (IF) images (green/magenta) does not yield optimal assessment of the patterns or resolution details. This is particularly problematic when double labeling needs to be demonstrated. In several instances there seems to be a disconnect between the perceived and the described co-localization of signals in the figures and text. A combination of red and green should minimize this issue and is recommended to be used in all IF images.*

The use of red and green together disadvantages red-green colour-blind readers, i.e., 5-10% of all male readers. Using green with magenta, instead of red, is recommended to enable colour-blind readers to see the data being presented -- for further information, please see the 'Color Universal Design' website: [http://jfly.iam.u-tokyo.ac.jp/color/index.html](http://jfly.iam.u-%C2%ADtokyo.ac.jp/color/index.html).

We do not know which specific images are deemed to be problematic. Cells of interest are indicated with arrows and single-channel images are shown, when necessary, to confirm localization for any channel signal that may be harder to see in the merged image. However, we have amended some figure panels ([Figure 1---figure supplement 1A-B'''](#fig1s1){ref-type="fig"}; [Figure 5](#fig5){ref-type="fig"} panels E-E''') to show the single channels in grey-scale and the triple-merge image in red, green and blue, since the Color Universal Design website says that this approach is acceptable for colour-blind readers.

*5) In [Figure 5---figure supplement 1A, B](#fig5s1){ref-type="fig"} there are at least 2 clearly labeled Wnt1-Cre;R26-YFP+ epithelial cells in the field. Both are closely associated with Ascl1-expressing cells (or could even be expressing Ascl1, depending on sectioning angle). These cells are not indicated in the figure or commented on in the text. As noted above, the use of red/green colors in these images would likely help in clarifying whether there is overlap in YFP-Ascl1. How frequently these cells are seen? Do they appear at other developmental stages and how frequently? Is this an artifact or real? This is relevant, given the focus of this paper on the contribution of neural crest cells to the NEC lineage. In addition, neural crest-derived cells in the epithelium, if confirmed, is an important observation.*

The two fainter green, out-of-focus spots in [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} panels A,A' are an artefact from the GFP immunostaining (we were unable to find any epithelial staining in panels B,B'). We have replaced panels A,A' with a higher-power image of the same section, to try to show this more clearly, and have commented on the fainter out-of-focus spots in the legend. We did not see any reporter-positive cells in the epithelium, consistent with an earlier, comprehensive analysis of the neural crest contribution to the intrinsic ganglia of the lungs using the same *Wnt1-Cre/R26R-EYFP* mouse line (Freem et al., 2010, J. Anat., 217, 651-664).

Similarly, the recent analysis of *Wnt1-Cre;;Rosa26^Zsgreen/+^*embryos showing that there was no neural crest contribution to PNECs -- which we confirm in our manuscript -- described reporter expression in the lungs only in the subepithelial intrinsic ganglia (Kuo & Krasnow, 2015, Cell, 163, 394-405).

*6) It is interesting to see that the number of putative NECs seems to be unchanged in zebrafish that are missing neural crest derivatives. Their development seems to be unaffected even when their usual developmental environment is largely disrupted. This is an intriguing result and would be made more so by examination of a greater number of embryos as the current statistics show a lot of variation.*

We have shown that the putative NECs in the orobranchial epithelium differentiate in situ. There is no a priori reason to think that the development of the orobranchial epithelium would be disrupted by the absence of neural crest cells in the surrounding mesenchyme: neural crest cells are not required for pharyngeal pouch formation, for example (Veitch et al., 1999, Curr. Biol., 9, 1481-1484). Adding more numbers for these experiments, which involve counting all putative NECs in the entire orobranchial region, would not be trivial, and we do not feel that this would be relevant for the main thrust of the paper. We have added a sentence to the main text to clarify that we counted all putative NECs in the orobranchial region, with 294 putative NECs counted in total across three *tfap2a^mob^;;foxd3^mos^* larvae and 244 putative NECs counted in total across three wild-type siblings (subsection "Zebrafish NECs are not neural crest-derived", third paragraph). Also in this paragraph, we realised that we had not cited the original papers describing the *tfap2a^mob^* and *foxd3^mos^* mutants: now added.

*7) The lineage tracing of Sox17 using reporter mice in [Figure 5A-D](#fig5){ref-type="fig"} does not include double staining (βGal-5HT).*

We have performed additional experiments using the *Sox17^2A-iCre^*driver line crossed to the *R26R^tdTomato^*reporter line, which has enabled double immunostaining ([Figure 5E-E'''](#fig5){ref-type="fig"}).

*Moreover, it is not explained that this reporter labels both epithelial and mesenchymal components nor why it was used.*

We explained in the legend to [Figure 5A-D](#fig5){ref-type="fig"} that in *Sox17^2A-iCre/+^;R26^R/+^*mice, all endoderm-derived lineages, as well as vascular endothelial cells and the haematopoietic system, constitutively express β-galactosidase. We have now added this information about the *Sox17^2AiCre^*driver line into the main text (subsection "Gill NECs are endoderm-derived, like PNECs", first paragraph).

*Half of 5-HT positive cells were also positive for a sox17 induced reporter in zebrafish ([Figure 5](#fig5){ref-type="fig"}). Is this a consequence of the sections including many non-NEC (or otherwise non-endoderm derived) serotonergic cells, or does it reflect somewhat low levels of the inducible Cre in these fish, leading to unsaturated reporter switching? Some discussion of this in the text would be appreciated.*

The relatively low labelling efficiency likely results from a lack of optimization of the 4-OHT dose for the *Tg(sox17:creER^T2^;cmlc2:DsRed*) driver in combination with this particular switchable reporter line (Mosimann et al., 2011). We now state this in the text (subsection "Gill NECs are endoderm-derived, like PNECs", third paragraph).
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